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We report a joint theoretical-experimental investigation on elastic electron scattering by acetone in the low- and
intermediate-energy regions. More specifically, experimental differential, integral, and momentum-transfer cross
sections are given in the 30–800 eV and 10◦–120◦ ranges. Theoretical cross sections are reported in the 1–500 eV
interval. The experimental differential cross sections were determined using a crossed electron-beam–molecular-
beam geometry, whereas the absolute values of the cross sections were obtained using the relative-flow technique.
Theoretically, a complex optical potential derived from a Hartree-Fock molecular wave function was used to
represent the collision dynamics, and a single-center expansion method combined with the Pade´ approximant
technique was used to solve the scattering equations. Our experimental cross-section data are in generally good
agreement with the present calculated data. Also, our calculated grand-total and total absorption cross sections
are in good agreement with the experimental results reported in the literature. Nevertheless, our calculations
have revealed a strong shape resonance in the 2B2 scattering channel not clearly seen in the experimental results.
Possible reasons for this fact are also discussed.
DOI: 10.1103/PhysRevA.92.032711 PACS number(s): 34.80.Bm
I. INTRODUCTION
From a theoretical point of view, electron-assisted processes
involving the organic molecules with the carbonyl group in
their structures may support a shape resonance due to the
existence of an empty π∗ orbital that may trap electrons to form
metastable states. Such resonances were in fact identified in
the theoretical studies of low-energy electron collisions with
formaldehyde [1–3], formic acid [4,5], and, more recently,
acetaldehyde [6] and formamide [7]. Experimentally, such
resonances were seen in studies involving electron interaction
with carbonyl-containing compounds. For instance, π∗ shape
resonances in the vibrational excitation cross sections (VECS)
for electron scattering by formaldehyde were reported by
Benoit and Abouaf [8]. For acetaldehyde, such resonances
in VECS were reported by Benoit et al. [9] and by Dressler
and Alan [10]. Using the transmission technique, Van Veen
et al. [11] and Jordan and Burrow [12] also observed the π∗
resonance in electron-acetaldehyde interaction.
Recently, grand-total cross sections (TCS) for electron
scattering by acetaldehyde were measured in the 0.7–400 eV
range by Szmytkowski [13]. His experimental results did
not show evidence of shape resonances at energies below
6 eV. More recently, Gauf et al. [6] reported measured
elastic differential cross sections (DCS) for e−-acetaldehyde
collisions in the 1–50 eV range. At energies below 20 eV, their
experimental fixed-angle DCS at some selected angles also did
not reveal evidence of the π∗ shape resonance.
Acetone is similar to acetaldehyde. As for acetaldehyde,
the experimental investigation of electron-assisted processes
involving acetone is also quite intense. Normalized total
ionization cross sections (TICS) at 75 eV were reported by
Otvos and Stevenson [14], Harrison et al. [15], and Beran
and Kevan [16]. Absolute TICS were measured by Bull and
Harland [17] in the 15–285 eV range. The negative ion
formation by electron attachment to acetone was investigated
by Dorman [18], Naff et al. [19], and Jordan and Burrow [12].
Experimental TCS for electron-acetone scattering in the
0.8–600 eV range were reported by Kimura et al. [20].
More recently, absolute TCS for electron-acetone collision
were measured by Szmytkowski [13] in the 0.7–400 eV
range. In addition, TCS for positron-acetone scattering in
the 0.2–23 eV interval were recently reported by Zecca
et al. [21]. Nevertheless, there is no reported measurement
of the DCS for elastic electron scattering by acetone in the
literature.
As for acetaldehyde, TCS reported by Szmytkowski [13]
for acetone also did not present evidence of the π∗ shape
resonance at low incident energies. One possible reason is
that both acetaldehyde and acetone are strongly polar targets;
therefore the π∗ shape resonance feature might be masked
by the intense dipole-scattering background, as seen in our
previous work on formamide [7]. In order to clarify this
fact, the present paper reports a theoretical investigation on
e−-acetone scattering. In our calculation, the dynamics of
the projectile-target interaction is represented by a molecular
complex optical potential (MCOP) at the static-exchange-
polarization plus absorption (SEPA) level of approximation.
This model has already been applied by our group to study
electron collisions with other carbonyl-containing molecules,
e.g., formaldehyde [3] and formamide [7]. Also, due to the
lack of experimental DCS for this target, we performed
measurements of this physical quantity in the 30–800 eV range
using the relative-flow technique (RFT). The experimental
elastic integral (ICS) and momentum-transfer cross sections
(MTCS) are generated from the measured DCS via a numerical
integration procedure.
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The organization of this work is as follows: In Sec. II, we
present briefly the experimental procedure. In Sec. III, the
theory we used and details of the calculations are presented.
In Sec. IV, we compare our calculated and measured data.
Comparison with the experimental TCS of Kimura et al. [20]
and Szmytkowski [13] and TICS of Bull and Harland [17]
are also presented. Finally, some concluding remarks are also
presented in that section.
II. EXPERIMENT
Measurements of the scattered-electron intensities were
performed using a crossed electron-beam–molecular-beam
geometry with the same procedure and experimental setup
presented in our previous works [22–28]. The electron source
used in our setup provides a beam in the 30–1000 eV range.
This beam is perpendicular to the gas beam which is generated
by a molybdenum tube with inner diameter d = 1 mm and
aspect ratio γ = d/L = 0.03. Details of our gas manifold were
described previously [25].
Acetone was purchased from Merk with purity better than
99%. For the measurements, approximately 1 mL of sample
was transferred into a small glass vial attached to the gas
manifold and underwent a treatment in order to eliminate
atmospheric air through freeze-thaw cycles. The working
pressure in the scattering chamber was kept typically at
5 × 10−7 Torr, and the pressure in the gas reservoir of the gas
manifold was lower than 0.5 Torr. The purity of the sample
was checked with a quadrupole residual gas analyzer attached
to the scattering chamber. In addition, the vial containing the
sample was kept in a bath with water and ice in order to ensure
the gas-beam stability during the measurements.
The electronic inelastically scattered electrons were
discriminated from those scattered elastically by using a
retarding-field energy analyzer with resolution around 1.5 eV.
This resolution does not allow the separation of the vibra-
tionally elastic and inelastic processes; thus the measured
intensities are vibrationally summed. The scattered intensities
were converted to absolute DCS using the RFT [29]. For that,
precise determination of the relative flows of both acetone
and the secondary standards (argon and nitrogen) is required.
Such flows were measured following the procedure already
described [25]. Moreover, the DCS for N2 at 30 eV reported
by Shyn and Carignan [30], with quoted errors of 14%, and
the DCS for Ar of Jansen et al. [31] in the 100–500 eV
range, with quoted experimental uncertainties of 6.5%, were
used to normalize our data. The absolute DCS for N2 at
50 eV with experimental uncertainties of 19% and those for
Ar at 800 eV with uncertainties of 12%, both from DuBois
and Rudd [32], were used. The uncertainties quoted for the
secondary standards plus those associated with the statistical
nature of the measured scattering intensities of each gas
(estimated to be 3%), the uncertainties of pressure fluctua-
tions, electron-beam current readings, background scattering
(estimated to be less than 2% each), and the uncertainty
associated with the normalization procedure (6%) provided
overall estimated uncertainties of 16.5% at 30 eV, 21% at
50 eV, 15% at 800 eV, and 11% elsewhere. The ICS and
MTCS were obtained via a numerical integration over the
DCS. An extrapolation procedure was used to estimate the
DCS at scattering angles not covered experimentally. The trend
of the theoretical results was followed in this procedure in order
to reduce the arbitrariness. The overall uncertainties on ICS
and MTCS were estimated to be 30% at 30 and 50 eV and
25% elsewhere.
III. THEORY AND NUMERICAL PROCEDURE
Since the theory used in this work has already been
given in detail in several previous works [3,33,34], it will be
presented only briefly. Basically, a complex optical potential
Uopt composed of static (Ust ), exchange (Uex), correlation-
polarization (Ucp), and absorption (Uab) contributions is used
to represent the electron-target interaction. This potential is
divided in two parts, namely, U1 and U2. Then, the transition
T matrix can also be written as
T = T1 + T2, (1)
where
T1 = 〈φ(kf )|U1|ψ+1 (ki)〉 (2)
and
T2 = 〈ψ−1 (kf )|U2|ψ+(ki)〉. (3)
In Eqs. (2) and (3), φ is the unperturbed plane wave, ψ is
the solution of the Schro¨dinger scattering equation for the full
optical potential Uopt, ψ1 is the solution of the distorted-wave
Schro¨dinger equation for potential U1, and k is the magnitude
of the electron linear momentum. The partition of Uopt into U1
and U2 is arbitrary. In this work, we chose
U1 = Ust + U locex + Ucp (4)
and
U2 = Uex − U locex + iUab, (5)
where U locex is a reduced local exchange potential.
By solving numerically the distorted-wave Schro¨dinger
scattering equation with potential U1, ψ1 and T1 are obtained.
Further, T2 is obtained iteratively using the [N/N ] Pade´
approximant technique [35]:
T2[N/N ] = −
∑
i,j=1,N−1
〈ψ−1 |U2|φ(i)+〉(D−1)ij 〈φ(j )−|U2|ψ+1 〉,
(6)
where
Dij = 〈φ(i)−|U2 − U2G+1 U2|φ(j )+〉 (7)
and G1 is the distorted-wave Green’s function, which satisfies
the following condition:
(∇2 + k2 − U1)G±1 (r,r ′) = δ(r,r ′). (8)
The superscripts − and + appearing in the above equations
denote the incoming and outgoing boundary conditions of the
scattering waves, respectively. In our calculation, the trunca-
tion parameter N was iteratively increased until convergence
was achieved. The converged body-frame (BF) T matrix (or,
equivalently, the BF scattering amplitude f ) can then be
expressed in the laboratory frame (LF) by the usual frame
transformation [36].
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TABLE I. Experimental DCS (in 10−16cm2/sr) and ICS and MTCS (in 10−16cm2) for elastic e−-acetone scattering.
Angle E (eV)
(deg) 30 50 100 150 200 300 400 500 800
10 31.40 52.28 33.64 24.33 16.91 11.78 7.63 7.27 4.60
15 17.84 7.10 7.39 3.94 4.04 3.14 3.17 2.01
20 8.46 8.45 2.76 3.24 2.24 1.99 1.59 1.47 1.24
25 4.58 1.44 1.92 1.33 0.923 0.963 1.04 0.548
30 2.66 1.67 1.09 1.02 0.746 0.765 0.789 0.656 0.249
35 2.16 0.767 0.723 0.668 0.601 0.501 0.359 0.178
40 1.73 1.06 0.591 0.499 0.494 0.396 0.268 0.256 0.120
50 1.43 0.680 0.365 0.364 0.259 0.179 0.157 0.120 0.052
60 1.04 0.398 0.268 0.194 0.156 0.136 0.098 0.078 0.030
70 0.855 0.261 0.172 0.126 0.129 0.092 0.066 0.051 0.020
80 0.672 0.199 0.129 0.137 0.098 0.071 0.055 0.034 0.015
90 0.582 0.175 0.110 0.120 0.077 0.050 0.039 0.028 0.011
100 0.523 0.184 0.142 0.115 0.059 0.049 0.035 0.022 0.010
110 0.599 0.209 0.160 0.129 0.046 0.044 0.030 0.018 0.009
120 0.621 0.264 0.187 0.136 0.036 0.039 0.025 0.016 0.007
ICS 22.4 20.1 12.4 9.7 8.6 5.7 4.4 4.1 2.9
MTCS 11.0 5.2 3.1 2.1 1.4 0.86 0.62 0.47 0.21
The ground-state Hartree-Fock self-consistent-field (HF-
SCF) wave function of acetone was obtained using the triple-
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FIG. 1. DCS for elastic e−-acetone scattering at (a) 30 eV and
(b) 50 eV. Solid curve, the present MCOP results; dash-dotted curve,
the present IAM results; solid circles, the present experimental results.
zeta valence (TZV-3d) basis set of the GAMESS package [37]. At
the experimental molecular geometry [38], this basis provided
a total energy of −192.022905 hartrees. The calculated electric
dipole moment is 3.2080 D, in fairly good agreement with the
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FIG. 2. Same as in Fig. 1, but at (a) 100 eV and (b) 200 eV.
032711-3
M. G. P. HOMEM et al. PHYSICAL REVIEW A 92, 032711 (2015)
 0.01
 0.1
 1
 10
 100
 0  20  40  60  80  100  120  140  160  180
D
C
S
 (
10
-1
6  
cm
2 /
sr
)
(a)
D
C
S
 (
10
-1
6  
cm
2 /
sr
)
D
C
S
 (
10
-1
6  
cm
2 /
sr
)
D
C
S
 (
10
-1
6  
cm
2 /
sr
)
 0.01
 0.1
 1
 10
 100
 0  20  40  60  80  100  120  140  160  180
D
C
S
 (
10
-1
6
 c
m
2 /
sr
)
Angle (deg)
(b)
D
C
S
 (
10
-1
6
 c
m
2 /
sr
)
D
C
S
 (
10
-1
6
 c
m
2 /
sr
)
D
C
S
 (
10
-1
6
 c
m
2 /
sr
)
FIG. 3. Same as in Fig. 1, but at (a) 300 eV and (b) 400 eV.
experimental value of 2.88 D [38]. It is necessary to go beyond
the HF level to obtain values closer to experimental data. The
dipole polarizabilities calculated at the HF-SCF level using
the same basis set are αxx = 31.98 a.u., αyy = 41.10 a.u., and
αzz = 42.60 a.u., resulting in an average dipole polarizability
of α0 = 38.56 a.u., in good agreement with the experimental
value of 41.14 a.u. [38].
In the present work, Ust and Uex were derived exactly
from the target wave function, whereas Ucp was obtained in
the framework of the free-electron-gas model, derived from
a parameter-free local density, as prescribed by Padial and
Norcross [39]. Our calculated polarizabilities are used to
generate the asymptotic form of Ucp.
The absorption potential Uab is the scaled quasifree scat-
tering model (SQFSM) absorption potential of Lee et al. [40],
which is an improvement of version 3 of the model absorption
potential originally proposed by Staszewska et al. [41]. The
Hara free-electron-gas-exchange potential [42] was used to
generate the local exchange potential U locex .
In our calculation, the wave functions and interaction
potentials, as well as the related matrices, are single-center
expanded about the center of mass of the molecule in terms
of the symmetry-adapted functions Xpμlh [43]. The truncation
parameters used in these expansions were lc = 30 and hc = 30
for all bound and continuum orbitals, whereas the T -matrix
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FIG. 4. Same as in Fig. 1, but at (a) 500 eV and (b) 800 eV.
elements were truncated at lc = 25 and hc = 25 for energies
up to 50 eV and at lc = 30 and hc = 30 for higher energies.
The calculated cross sections were converged at N up to 10.
Also, a Born-closure formula is used to account for
the contribution of higher partial-wave components of the
scattering amplitudes. This procedure is necessary due to the
strongly polar nature of the target, as used in some of our
previous studies [27,44,45].
IV. RESULTS AND DISCUSSION
Our experimental DCS, ICS, and MTCS for elastic electron
scattering by acetone in the 30–800 eV range are listed in
Table I. In Figs. 1–4, we present the comparison of the present
experimental DCS with our calculated results in the 30–800 eV
range. The present results calculated using the independent-
atom model (IAM) [24] are also shown. In general there is
good agreement between the present measured results and
calculated MCOP data using the Pade´ approximant method,
particularly at energies up to 300 eV. At higher energies,
the theoretical MCOP results underestimate the DCS at large
scattering angles. This discrepancy is mainly due to the lack
of convergence in the single-center expansion of the nuclear
part of the interacting potential for atoms a few angstroms
away from the origin. Particularly at high incident energies,
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FIG. 5. Present MCOP DCS for elastic e−-acetone scattering.
(a) Solid curve, at 1 eV; long-dashed curve, at 3 eV; short-dashed
curve, at 5 eV; dash-dotted curve, at 8 eV. (b) Solid curve, at 10 eV;
dashed curve, at 12 eV; short-dashed curve, at 15 eV; dash-dotted
curve, at 20 eV.
the scattering electron penetrates deeply into the molecule and
then would be more affected by that part of the potential. For
a target like acetone, such convergence would be achieved
only with very large values of lc. The calculated results
using the IAM lie systematically above the theoretical MCOP
data. Nevertheless, the discrepancies diminish with increasing
incident energies. At 100 eV and below, the IAM calculations
also strongly overestimate the experimental DCS. However,
it is interesting to note that for energies higher than 300 eV,
the theoretical results calculated using the IAM are in better
agreement with the measured data at large scattering angles
due to the multicentric nature of the interaction potential used
in these calculations [46]. Moreover, shallow oscillations seen
in the experimental and in the theoretical DCS are due to the
electron diffraction effects.
For the sake of completeness, in Fig. 5, we present some
MCOP DCS in the 1–20 eV range. Unfortunately, there are no
other results to compare with our data in this energy range. It
is noted that the calculated DCS between 8 and 10 eV show
some evidence of weak double-dip structure, indicating the
possible occurrence of d-wave resonances.
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FIG. 6. (a) ICS and (b) MTCS for elastic e−-acetone scattering
in the 1–500 eV range. Solid curve, present calculated data using the
MCOP; solid circles, present experimental data.
In Fig. 6, we present our theoretical ICS and MTCS
calculated using the MCOP for electron scattering by acetone
in the 1–500 eV range. The present experimental results of
ICS and MTCS in the 30–500 eV range are also shown for
comparison. In general, there is reasonable agreement between
our calculated and measured data in the entire energy range
where comparison is made. At low incident energies, our
calculated ICS and MTCS show a small peak at incident energy
around 2.6 eV and a broad resonance-like feature centered at
about 8 eV. These features are more visible in the calculated
MTCS than in ICS. In order to clarify the physical nature of
these features, we present in Figs. 7(a) and 7(b) the partial
ICS (without Born correction) and the eigenphase sums. From
these figures, it is clearly seen that the peak located at 2.6 eV
is due to a strong 2B2 (2π∗) resonance, whereas the broad
feature located at about 8 eV is a combination of weak 2B1
and 2A2 resonances (both at around 8 eV) and a weak 2A1
shape resonance at around 10 eV. Probably, the double-dip
behavior seen in our calculated DCS in the 8–10 eV range
can be associated with these resonances. Unfortunately, our
measurement does not cover incident energies below 30 eV,
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FIG. 7. Present partial-channel (a) ICS and (b) eigenphase sums
calculated using the MCOP for elastic e−-acetone scattering in the
1–20 eV energy range. Solid curve, A1 symmetry; dash-dotted curve,
A2 symmetry; long-dashed curve, B1 symmetry; short-dashed curve,
B2 symmetry.
and also there are no other experimental data in the literature
to compare with our calculations.
In Fig. 8(a), we present our theoretical TCS for electron
scattering by acetone in the 1–500 eV range. The experimental
TCS of Kimura et al. [20] in the 1–500 eV range and of
Szmytkowski [13] in the 1–400 eV range are also shown
for comparison to our data. Both experimental results show
a bump at around 8 eV, which agrees with our theoretical
prediction. This resonance was also seen in electron scattering
by hydrocarbon experiments and is of a kσ ∗ nature, as already
discussed by Kimura et al. [20]. Quantitatively, there is
also good agreement between our calculated results and the
measured data at 10 eV and above. Nevertheless, the 2B2
resonance located at about 2.6 eV predicted by our calculation
is not seen in the TCS measured by Szmytkowski [13]. The
TCS of Kimura et al. has shown a small shoulder at about
1.5 eV which may be due to the 2B2 (2π∗) resonance but
shifted to lower incident energies. Moreover, our calculation
overestimates both experimental TCS, particularly at energies
below 3 eV. There is also a strong disagreement between the
two sets of experimental data in this energy region. Such
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FIG. 8. (a) TCS and (b) TACS for e−-acetone scattering in the
1–500 eV range. Solid curve, present data calculated using the MCOP;
solid circles, experimental data of Szmytkowski [13]; open circles,
experimental data of Kimura et al. [20]; triangles, experimental data
for TICS of Bull and Harland [17].
discrepancies are somewhat expected due to the difficulties
associated with the measurements of TCS for strongly polar
targets at low incident energies.
In Fig. 8(b), the present total absorption cross sections
(TACS) are compared with the experimental TICS of Bull and
Harland [17] in the 15–285 eV energy range. In general, there is
very good qualitative agreement between the calculated TACS
and experimental TICS. Quantitatively, our TACS lie above
the TICS in the entire energy range, except at 15 eV. Since
TACS account for both excitation and ionization processes,
whereas only ionization processes are accounted for in TICS,
the above behavior is then expected.
In summary, in this study, we reported a joint theoretical-
experimental investigation of electron collisions with acetone
in a wide energy range. More precisely, absolute DCS, ICS,
and MTCS for elastic e−-acetone scattering were investigated
experimentally in the 30–800 eV range. The present study
was mainly motivated by the lack of experimental cross-
section data for this target in the literature. Our measured
data are in generally good agreement with our theoretical
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data calculated using the MCOP model. Moreover, although
a sharp resonance in the 2B2 scattering channel at about
2.6 eV was revealed in our calculations, as seen in Fig. 7(a),
it becomes a small peak in the calculated ICS and MTCS
curves. The main reason for this fact is the strong contribution
of the structureless dipole interaction in the calculated ICS
and MTCS at low incident energies, which has masked
the resonance peak. Also, the absence of clear evidence of
the occurrence of this resonance in the experimental TCS
of Kimura et al. [20] and Szmytkowski [13] may also be
caused by the vibrational motion of the target. In fact,
we have performed a simulation of the vibrational effects of
the carbonyl group on this resonance. In this simulation, we
have fixed the equilibrium geometry of the target except for the
C=O bond, which is allowed to vary. The 2B2 resonances are
calculated at five C=O internuclear distances (r = req + 	r ,
with 	r = −0.12, − 0.06,0.0,0.06, and 0.12 ˚A). It was seen
that both the height and the width of the resonance changed
with the bond length. Nevertheless, the vibrational-averaged
ICS calculated using harmonic-oscillator vibrational wave
functions showed only a very small broadening of the resonant
peak.
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